In this work, we study matter in the cores of proto-neutron stars, focusing on the impact of the composition on the stellar structure. We begin by examining the effects of finite temperature (through a fixed entropy per baryon) and lepton fraction on purely nucleonic matter. We then turn our attention to a relativistic mean-field model containing exotic degrees of freedom, the Chiral Mean Field (CMF) model, again, under the conditions of finite temperature and trapped neutrinos. In the latter, since both hyperons and quarks are found in the cores of large-mass stars, their interplay and the possibility of mixtures of phases is taken into account and analyzed. Finally, we discuss how stellar rotation can affect our results.
I. INTRODUCTION
In comparison to the Fermi energy, the temperature in cold neutron star (NS) cores is very low and can for most purposes be ignored. This is not the case in so-called proto-neutron stars (PNS) or in the remnant objects of binary NS mergers. In the former instance, the core temperature can reach a few tens of MeV [1, 2] whereas, in the latter, it can reach up to 100 MeV in certain regions of hypermassive NS's [3, 4] . At high temperatures, the chemical potentials (at a given baryon density) of the constituent particles decrease at varying degrees depending on their effective masses (consequences themselves of interactions with the surrounding medium) with corresponding changes in their populations. At T = 0, hyperons, being more massive than nucleons, appear in stars at the usual threshold of a couple of times the equilibrium density of symmetric nuclear matter, n s = 0.16 ± 0.01 fm −3 , whereas the quark phase is reached when the strong coupling becomes weak enough, at a few times n s .
Immediately after a PNS has been born, matter in its core is opaque to neutrinos and only after a time-scale of 10 − 15 s [1, 5, 6] does it start to cool, via URCA type processes, when it becomes neutrino transparent. This evolution depends on the distribution of baryonic/quark and leptonic constituents in the stellar interior and, by extension, on the equation of state (EoS) of hot and dense matter. Several works have studied the effects of trapped neutrinos and temperature in stars with hyperons [7] [8] [9] [10] [11] [12] [13] [14] [15] , chiral partners [16] and stars with a deconfinement phase transition [7, 9, 10, .
In this work, we perform a thorough investigation of the composition and structure of PNS's modeled by fixed lepton fraction while drawing comparisons with deleptonized (with respect to neutrinos) β-equilibrated NS's in the context of several models. These models possess different degrees of freedom together with different interactions. An overview of these models is given in section II with results presented in section III, where we also briefly discuss how the stellar particle population is modified by stellar rotation. Our conclusions are given in section IV.
II. FORMALISM
We begin by presenting different models that fulfill standard nuclear and astrophysical constraints.
A. DSH model
Our prototype model for matter with only nucleonic degrees of freedom is the recent set of EoS's constructed in Ref. [42] , hereafter "DSH". These EoS's were built from a parametrized phenomenological model for homogeneous nucleonic matter that can be used over a wide range of densities, temperatures, and electron fractions. It is designed to match (i) the Virial expansion at low densities, (ii) nuclear structure experiments which probe nearly isospin-symmetric matter near n s , (iii) chiral effective theory which provides a description of pure neutron matter, and (iv) NS mass and radius observations.
The DSH formalism provides an infinite family of EoS's selected according to a probability density to match these four sets of constraints. In this work, we randomly select 10 DSH EoS parameterizations to give the reader an idea of the remaining uncertainties in the quantities of interest and at the same time a benchmark for understanding the effects of temperature and neutrinos in a model that does not include exotic degrees of freedom.
B. CMF model
The Chiral Mean Field (CMF) model is based on a non-linear realization of the SU(3) sigma model. It is an effective quantum relativistic model that describes hadrons and quarks interacting via meson exchange. This formalism is based on chiral invariance, meaning that the particle masses originate from interactions with the medium and, therefore, decrease at high densities [29, 43] . 
Mass-radius diagram for 10 different DSH EoS parameterizations for two β−equilibrated neutron star and two fixed lepton-fraction proto-neutron star configurations, each at the indicated temperature or entropy per baryon.
The deconfinement of quarks is mimicked by the introduction of an order parameter Φ. The hadronic coupling constants of the model are calibrated to reproduce the vacuum masses of baryons and mesons, nuclear constraints for isospin-symmetric and asymmetric matter at saturation, and reasonable values for the hyperon potentials. The quark coupling constants are constrained using lattice QCD data, as well as information about the QCD phase diagram for isospin-symmetric and asymmetric matter. As a consequence, this formalism reproduces the nuclear liquid-gas phase transition, as well as the deconfinement/chiral symmetry restoration phase transitions expected to be found in the QCD phase diagram with critical points and crossover regions. Finally, the model is successful in reproducing perturbative QCD (PQCD) results for both NS and PNS matter at high densities [44, 45] .
Since the CMF model includes deconfinement to quark matter, it is important to note that, as explained in detail in Ref. [29] and references therein, whenever two or more quantities (including baryon number) are conserved globally in coexisting macroscopic phases with different compositions, non-congruent phase transitions are present. This is usually referred to as Gibbs construction when modeling NS's with globally imposed charge neutrality (NS GCN). Alternatively, if the surface tension of quark matter is too high, local electric charge neutrality is established between the phases instead. This is usually referred to as Maxwell construction when modeling NS's and denoted here as (NS LCN).
As already discussed, PNS matter is modeled by imposing lepton fraction conservation. Recently, Ref. [44] derived in detail the formalism necessary to describe noncongruent phase transitions in the case of PNS matter, where lepton fraction must be conserved globally, since there is no long-range force (equivalent to Coulomb) associated with it [46] . Here, for simplicity, we only discuss the non-congruent case for PNS matter where lepton fraction is globally conserved and electric charge is locally conserved in each phase (PNS LCN GY l ). But, in contrast with previous work, we now calculate macroscopic stellar structures. In addition, we study a non-physical forced-congruent case for comparison, in which both electric charge and lepton fraction are locally conserved in each phase (PNS LCN LY l ), again, inside stars. Also for comparison, protoneutron stars featuring only hadrons (PNS H), as well as neutron stars featuring only hadrons (NS H) will be studied in the following section.
III. RESULTS
In all cases involving NS matter, calculations are done by imposing charge neutrality and β−(chemical) equilibrium. The temperature is set to zero, except when otherwise stated. When dealing with PNS matter, trapped neutrinos are included through a fixed (electron and electron neutrino) lepton fraction Y l = L/B = 0.4, where L and B are the numbers of electron-type leptons and baryons, respectively. This typical value of 0.4 comes from numerical simulations of proto-neutron-star evolution [1, 2, [47] [48] [49] . Finite temperature is included by means of a fixed entropy density per baryon number density S B = s/n B (usually referred to as entropy per baryon), except when otherwise stated. When the entropy per baryon is fixed, it allows the temperature in stars to increase toward the center: For small entropies S B ≤ 2, S B ∝ T /n 2/3 . Thus, for constant S B , T increases with n B , becoming larger towards the center of a star. In this section, entropy per baryon is fixed at S B = 1 or 2. Note that some finite temperature NS and zero temperature PNS results are shown for the sake of comparison.
We begin by discussing the influence of lepton fraction and fixed entropy per baryon on the DSH model. Fig. 1 shows mass-radius curves obtained by using 10 different DSH EoS parameterizations in the TolmanOppenheimer-Volkoff (TOV) equations. For cold NS matter, a cold neutron-star crust was added to the EoS including an inner crust, an outer crust and an atmosphere [50] . For the other cases, a hot PNS crust with entropy per baryon S B = 4 was applied [51] . The four colors represent NS and PNS evolution snapshots from Ref. [2] . On average, neutrino-free β−equilibrated stars exhibit a decrease in maximum stellar mass with increasing entropy per baryon (from black to green lines) whereas the opposite is true for stars with fixed lepton fraction (from blue to red lines). The latter also support less gravitational mass than their β−equilibrated counterparts at the same entropy per baryon (from red to green lines), due to their higher content of isospinsymmetric matter, which corresponds to a softer EoS. Curves of constant central density n c in Fig. 1 are directed diagonally (left-to-right and bottom-to-top) across the plot. That is, at the same n c , increasing S B and decreasing Y l leads to more massive stars. Note that, in order to follow the temporal evolution of isolated stars, we would have to follow particular paths of fixed baryon masses, which are not shown here. We revisit this point in our discussion of Fig. 11 . The effects of fixed lepton fraction (together with fixed entropy per baryon) can be better seen in Figs. 2 and 3 , which show the population for NS and PNS matter as a function of baryon number density. In the PNS case, the relative amount of protons (with respect to the total baryon number) is much larger than in the NS case. In both figures the amount of electrons equals the amount of protons in order to satisfy charge neutrality. For PNS matter, the amount of neutrinos does not go over 0.1n B .
To study the effects caused by the presence of exotic matter in stars and the interplay of the appearance of hyperons and quarks, we now make use of the CMF model. Once more, we fix the entropy per baryon and allow the temperature to change inside each star. The resulting temperature profile can be seen in Fig. 4 for the PNS LCN LY l case (solid-red line), along with the curve for a fixed entropy per baryon version of the NS LCN case (dashed-blue line) for comparison.
To address the presence of neutrinos, it is advantageous to define a modified chemical potentialμ = µ B + Y l µ l , that depends on the electronic lepton chemical potential and is equal to the Gibbs free energy per baryon of the system. This quantity has been derived and discussed in detail in Ref. [44] and is shown on the horizontal axis of Fig. 4 . For the NS case,μ = µ B . For PNS,μ > µ B , resulting in a lower temperature for the same modified chemical potential. The reason the temperature discontinuity is smaller in the PNS case is directly related to the smaller discontinuities between the electron and lepton chemical potentials between phases (see Fig. 3 in Ref. [44] for more details). This results in a small jump in temperature across the phase transition, violating the condition of thermal equilibrium. As explained in section 3D of Ref. [46] , this is not the correct treatment and a phase coexistence region must be constructed. Fig. 5 shows similar results but focusing on the PNS LCN GY l case. Within the µ B -range of the mixture of phases (1325.0 -1330.8 MeV), the results for the individual hadronic and quark phases in which case lepton fraction is not fixed (although entropy per baryon is fixed and charge neutrality is satisfied) are also featured. The mixture of phases is constructed by calculating the volume of the quark phase λ so that global lepton fraction is conserved. Note that such a treatment still has two coexisting phases with different temperatures, not meeting the requirement of thermal equilibrium explained in Ref. [46] . Nevertheless, for PNS matter this jump is of the order of 1 MeV, and a more refined approach, while conceptually gratifying, would not produce any practical improvements in the results. The temperature in the mixed phase is given by T mix = λT Q + (1 − λ)T H = 0. The curve for the PNS LCN LY l case is indicated by the two dashed-black lines, between which there would be a the entropy per baryon in the deconfinement phase transition is plotted over a range of temperatures T for NS and PNS matter (not fixing the entropy per baryon) when both charge neutrality and lepton fraction are conserved locally. The red dot in the figure indicates the point in the phase diagram where the deconfinement line intersects with the line for PNS matter with fixed entropy per baryon S B = 2. The curves end when their critical points are reached. Close to these points, the first order phase transition becomes weaker and latent heat decreases. The non-obvious behavior of these curves is related to the fact that the entropy density has non-trivial contributions from the order parameter of deconfinement Φ(µ B , T ).
Next, the TOV equations are solved for each of the CMF model cases. Fig. 7 shows the results for the three cases investigated involving NS matter, while Fig. 8 shows the results for the three cases involving PNS matter. As before, different crusts were used for NS and PNS's. The maximum stellar mass for each of the cases shown in Figs. 7 and 8 is listed in Table I , along with the corresponding stellar radius, central (modified) baryon chemical potential, and radius occupied by hyperons, quarks, and the quark phase in the maximum-mass star. In the cases involving only hadrons (where quark matter was artificially suppressed, NS H and PNS H), the curves reach larger stellar mass values than in the cases with quarks but about the same for NS's and PNS's. In the left portion of Table II, the minimum (modified) central NS LCN and PNS LCN LY l cases. Nevertheless, note that in the PNS LCN LY l case, quarks appear significantly before the quark phase. This is because the CMF model allows for the existence of soluted quarks in the hadronic phase and soluted hadrons in the quark phase at finite temperature. Regardless, quarks will always be the dominant component in the quark phase, and hadrons in the hadronic phase and the phases can be distinguished from one another through their order parameter Φ. We believe that this inter-penetration of quarks and hadrons (that increases with temperature) is indeed physical, and required to achieve the crossover transition known to take place at small chemical potential values [52] . In the cases with global conserved quantities, both NS GCN and PNS LCN GY l allow stars with a couple of kms of mixtures of phases.
Hyperons (Λ in NS's and Λ and Σ in PNS's) are present in some of the NS's and all of the PNS's produced, as thermal effects become more important than baryon mass differences in the latter case. Ξ's do not appear in any type of star, although included in the CMF model. The presence of hyperons (quarks) can be seen when comparing the maximum-mass stellar radius in the third column in Table I and the fifth column (sixth-seventh columns) of Table II , with the maximum radius of stars in a family to contain hyperons (quarks).
While for NS's the appearance of a quark phase (no matter NS LCN or NS GCN) suppresses all other hyperons, this does not happen for PNS's. This behavior can be seen in the following figures: Fig. 9 features the particle population curves (as functions of the stellar radius) in the maximum-mass star obtained via the NS GCN EoS, while Fig. 10 features the curves in the maximum- Table I ). Note that the quark population curves all "kink" at one particular Rvalue for each case: 2.03 km in Fig. 9 and 0.87 km in Fig. 10 showing the beginning of the mixed phase, although down quarks persist well beyond this radius for PNS's.
Finally, we explore how changes in spinning frequency can modify the stellar particle population as stars age. Fig. 11 shows the stellar central baryon number density for different rotational frequencies in the CMF model. In each case [considering NS's (solid-blue line) and PNS's (dashed-red line) both with mixtures of phases], we fix the number of baryons to the respective non-rotating maximum masses. We find that, even when rotating at the maximum allowed Kepler frequency (vertical thin red line), the PNS always contains hyperons and quarks. But only when its rotational frequency goes below 89 Hz, it develops a mixed phase, after which the fraction of the quark phase rapidly increases. On the other hand, the cold deleptonized NS rotating at the maximum Kepler frequency (vertical thin blue line) contains only nucleons. It develops Λ-hyperons when its rotational frequency drops below 903 Hz, and when it goes below 295 Hz, it develops a mixed phase with quarks.
Note that the maximum-mass non-rotating PNS in Fig. 11 has a larger baryon number than the maximummass non-rotating NS. When the rotating PNS baryon number is fixed to that of the non-rotating NS, the mixed phase disappears (dashed-orange line). Thus, an evolutionary path from a rotating PNS without a mixed phase (but with hyperons and quarks) to a cold-deleptonized NS with a mixed phase is possible in the CMF model. On the other hand, a PNS with a mixed phase cannot have a NS counterpart at the same baryon number.
IV. CONCLUSIONS AND OUTLOOK
In this work, we studied protoneutron-star properties, focusing on the effects caused by different particle populations. For this purpose, we presented different models with different degrees of freedom and different features. The DSH formalism with nucleons provided several different equations of state, being presented here for the first time at fixed lepton fraction. The CMF formalism with nucleons, hyperons, and quarks generated several different equations of state, assuming different conditions for the deconfinement phase transition. For the first time results were presented for mixtures of phases inside stars at fixed lepton fraction and finite entropy per baryon in CMF (or any other) model.
We found that, as the stellar composition becomes more complex, so do the effects of finite temperature/entropy per baryon and fixed lepton fraction on stellar properties. While in the DSH model maximummass values are directly related to the isospin-symmetry of nucleons, in the CMF model it is also related to the suppression/enhancement of hyperon and quark content, together with first order phase transition effects. In the CMF model, the appearance of quarks suppresses hyperons and the existence of a mixed phase allows for NS's with quarks to be stable (with up to about 2 km of mixed phase). In PNS's, quarks are present in stable stars regardless of the existence of mixed phases and can occupy large portions of stars (up to about 7 km).
In addition, other factors have to be accounted for when studying stellar evolution, including constant number of baryons and effects due to stellar rotation. Assuming that stars do not speed up significantly as they loose neutrinos and cool down, the CMF model predicts that large-mass stars contain a small amount of quarks (not in a mixed phase) and more hyperons in the earliest stage of their evolution and can develop a mixed phase with fewer hyperons at a later time.
Summarizing, our results point out to the delicate and complex balance between the existence of hyperons and quarks in hot dense matter, which should play an important role in core-collapse supernovae modeling. So far, there have been a few supernova simulations including hyperons/quarks [9, [53] [54] [55] [56] [57] [58] [59] [60] [61] [62] [63] [64] . However, to our knowledge, consistent simulations of neutron stars from birth in the core-collapse, through the PNS stage and cooling to cold NS's using the same model have not been reported as yet. It is our goal to perform such a study utilizing the EoS models presented in this work. In addition, a natural more simple extension of our work is to study magnetic field effects on the stellar particle population. Work along this line is already under way.
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